A native ribonucleoprotein (RNP) complex of avian myeloblastosis virus was prepared under conditions that gave optimal cDNA synthesis. The complex was an autonomous transcriptional unit capable of synthesizing DNA complementary to the RNA virus genome in the absence of exogenous reverse transcriptase (RNA-dependent DNA nucleotidyltransferase), genomic RNA, and primer. The RNA of the RNP complex cannot be translated in an in vitro cell-free translational system. The RNP contains intact viral RNA, the two subunits of the reverse transcriptase (,B and a), the p32 polypeptide resulting from the cleavage of the , subunit into the a subunit, and p12. The principal polypeptide constituent of the RNP complex is the highly basic protein p12, which occurs at a molar ratio of 40:1 in relation to the , subunit of the polymerase. When examined by the electron microscope, the RNP complex appears similar to the beaded structure of chromatin fiber. A signiticant portion of these molecules are circular, with headlike structures attached. The circular nature of the proviral DNA and the ability of the RNP complex to generate large intact cDNA copies from the natural primer end suggest that the 5' and 3' ends of the viral RNA are in proximity when in the RNP complex.
The details of the process by which the genome of RNA tumor viruses is converted to a circular DNA provirus remains essentially unresolved (1) . A prerequisite for synthesis of the second strand of DNA is the complete synthesis of the first strand. Because complete first-strand cDNA synthesis cannot be obtained in a reconstituted system, but only in an endogenous reaction with detergent-disrupted virions, it seems that the viral RNA in association with specific virion proteins is likely to be important in the provirus synthesis.
In this report we describe the isolation and characterization of a ribonucleoprotein (RNP) complex from avian myeloblastosis virus (AMV Purification of RNP Particles. (i) Sucrose gradient method. Purified virus was disrupted at various concentrations of Nonidet P-40 (NP-40) at a viral protein concentration of 0.8-1.5 mg/ml. Virus was disrupted in 2-ml solutions containing 10 mM Tris^HCI, pH 7.6/1 mM EDTA/1% dithiothreitol. After 5 min at 4°C, the disrupted virus was placed on a composite sucrose gradient (2-10), which consisted of three layers of sucrose in 10 mM Tris-HCl, pH 8.0/1 mM EDTA made with 2H20. The bottom layer consisted of 6 ml of 70% sucrose (wt/wt), the middle layer of 1.5 ml of 26% (wt/wt) sucrose with 1% dithiothreitol, and the top layer of 1 ml of 22% (wt/wt) sucrose. It was then centrifuged at 36,000 rpm for 16 hr in a Spinco SW41 rotor at 40C.
(ii) Fast sedimentation method. One milliliter of disruption mixture containing 0.8-1.5 mg of viral protein, 5 mM dithiothreitol, 5 mM MgCl2, 50 mM Tris-HCl (pH 8.0), 0.1 mM each of dATP, dTTP, dCTP, and dGTP, and various concentrations of NP-40 was incubated for 2 min at 40C and immediately centrifuged. The pellet was washed twice with 1 ml of Tris/EDTA buffer and resuspended in Tris/EDTA buffer by brief sonication if the preparation was to be examined by electron microscopy or by gently agitating the tube if the preparation was to be used for cDNA synthesis.
Assay for Endogenous Reverse Transcriptase Activity. RNP complexes obtained from sucrose gradient were assayed for endogenous reverse transcriptase activity in a final reaction volume of 50 Al. The assay mixture contained 5 mM dithiothreitol, 5 (Fig. 1A) , cDNA synthesis shifted to a sucrose concentration slightly higher than that of untreated virus (arrow) and the protein profile seemed to follow that of the cDNA synthesis. At the optimal detergent concentration (Fig. 1B) , the bulk of the labeled protein was found at the top of the gradient and cDNA synthesis was apparent in one additional more rapidly sedimenting peak. At the highest detergent concentration tested (Fig. IC) , the intermediate cDNA synthesis disappeared and was completely converted to the fast sedimenting peak. In all three gradients shown in Fig. 1 [3H]uridine and protein with [a5Simethionine, the fast sedimenting peak was detected at 1.280 g/cm3, and viral RNA, protein, and the cDNA synthesized cosedimented. As described (2), the recovery of the RNP band at 1.28 g/cm3 can be ascribed to the high viscosity of sucrose and nonequilibrium centrifugation conditions. When RNP preparations from such bands were fixed in gluteraldehyde and centrifuged in CsCl gradients, most radioactivity was recovered at a density of 1 Pelleted RNP Complex. RNA extracted from RNP complexes prepared by overnight sedimentation in a sucrose/2H20 gradient was examined for intactness on denaturing formaldehyde gels. The RNA moiety had become degraded into pieces smaller than 35 S (Fig. 3, lanes B and C) tible to the degradative nucleases that are associated with RNA tumor viruses. We therefore attempted to minimize the exposure of the RNP complex to nucleases by forming the complex at low temperature (40C) followed by immediate pelleting of the RNP. Pelleted RNP, when analyzed for protein content, was indistinguishable from the fast sedimenting RNP prepared on sucrose/2H20 gradients. Phenol-extracted RNA from pelleted RNP complexes migrated almost entirely in the 35S region (Fig.  3, lane A) . Functional Properties of RNP Complexes. RNP complexes prepared either by pelleting or on sucrose/2H20 gradients synthesize cDNA endogenously. cDNA synthesis requires the components of the reverse transcriptase reaction, including all four deoxytriphosphates, and is independent of exogenous enzyme. It appears that the enzyme is already bound to its natural template-primer and that sites for initiation of transcription are not available for the additional enzyme. Similar results were also obtained when viral RNA (35 or 70 S) was added to the reaction mixture. We conclude that the RNP complex is an autonomous transcriptional unit for cDNA synthesis.
We have examined the rate of incorporation of deoxynu- The sizes of cDNA products obtained from whole virions disrupted at two detergent concentrations (0.01% and 0.035%) and RNP complexes prepared by direct pelleting under the same detergent conditions were analyzed on denaturing gels. Fig. 4A indicates that the size of the cDNA prepared from whole virions is essentially the same after extraction by either detergent concentration. On the other hand, RNP complexes prepared by direct pelleting (Fig. 4B ) displayed a significant shift to larger cDNA transcripts at optimal detergent compared to the suboptimal concentration. With the optimal detergent concentration, some cDNA transcripts migrate to the region representing complete genomes (arrow in Fig. 4 ). It appears, therefore, that not only is RNA in the RNP complex intact, but it is in such a configuration as to allow extension of the cDNA transcript beyond the "strong stop" at the 5' end to proceed into the 3' region.
RNP complexes were added to a mRNA-dependent rabbit reticulocyte lysate cell-free translation system at two different were treated with detergent xlentrations of 0.01 and 0.035%, which would permit different degrees of cDNA synthesis as described above. Instead of allowing synthesis to occur, we immediately pelleted the samples, fixed them with glutaraldehyde and formaldehyde, and prepared them for electron microscopy. When analyzed in the electron microscope, the structures shown in Fig. 5 were observed. Although the dissociation of virions observed with 0.01%-detergent (Fig. SA) appeared incomplete, resulting in many electron-dense particles, treatment with 0.035% detergent (Fig. 5B) , which is optimal for DNA synthesis, produced filamentous structures. Although quantitation is difficult because of tangling and aggregation, approximately 10-20% of the molecules observed after treatment with 0.035% detergent appeared circular (Fig. 6 ), many with condensed nucleosome-like structures attached. Because circular RNP complexes are only seen after protein crosslinking by aldehyde fixations, the closure region apparently is stabilized by protein-protein interaction. However, the length of these circular RNP complexes could be readily divided into two categories. Most molecules were slightly longer than 2.22 ± 0.13
,gm, whereas a few molecules that were obviously thicker and more electron dense were somewhat smaller (1 09 ± 11 jum). DISCUSSION Very little is known about the structural organization of the RNA within the virion, and little more is known about how the core proteins are associated with the RNA and how they participate in the various stages of virus replication. The models that have been constructed indicate that the RNA occurs in a RNP complex form in association with the highly basic p12 protein, presumably in order to neutralize the strongly charged phosphate backbone and thus facilitate folding and packaging of the genome within the limited dimensions of the virions (2, (5) (6) (7) .
Particular viral proteins, such as p19 in the avian and p12 in mammalian retroviruses, have been shown to bind specifically to homologous viral RNA (8) . These proteins are phosphorylated, and the extent of phosphorylation of individual molecules determines the affinity of that molecule for viral RNA (9) . Phosphorylation of this protein could therefore modulate those gene functions that are interfered with or altered by limiting access to the viral RNA. At this time, no data have been presented to substantiate this hypothesis. Similarly, no direct evidence has been presented to indicate the functional role of any of the viral structural proteins. In this report evidence is presented that the proteins occurring in a RNP complex participate in the assembly of the configuration of the RNA particularly favorable and perhaps essential for the synthesis of intact cDNA molecules. Such structures are therefore also likely to be essential intermediates in the synthesis of the provirus.
RNP complexes were isolated by selective removal of proteins from intact virions by appropriate treatment with low levels of detergent. RNP complexes could be prepared under conditions where cDNA synthesis was maximal, and under those conditions cDNA synthesis was unaffected by the addition of either exogenous enzyme or RNA. When such complexes were purified by conventional sucrose gradient procedures, the RNA was found to have been fragmented into subgenomic fragments and cDNA transcripts of these preparations were correspondingly small. It was apparent that endogenous nuclease activity was degrading viral RNA, even in the form of a RNP complex, but it is unclear if this is due to a particularly intricate association of the nuclease activity within the RNP or to a relatively open structure of the RNP permitting nuclease attack of exposed sections of the RNA. A rapid procedure for making RNP preparations by direct pelleting rather than banding in sucrose/2H20 gradient resulted in a significant increase in total DNA synthesis (Table 2 ) and a striking increase in the size of cDNA transcripts (Fig. 4B) crosslinking by aldehyde fixation, the closure region apparently is stabilized by protein-protein interaction. Obviously, the degree of condensation within the nucleosome-like structure observed on circular RNP complexes by electronmicroscopy is unknown. Given this uncertainty, contour length measurements are consistent with the occurrence of two classes of RNP molecules, one of which is twice as long as the other. An intriguing possibility is that the small (1 ,um) circular RNP species detected by electron microscopy contains a 35S haploid genome with its 5' and 3' ends held together by a protein-protein interaction. If, indeed, this is so, the stretched-out length of the naked RNA (--3 ,m) is shortened by a factor of two-thirds in the RNP. The relative amount of condensation within the nucleosome-like structure compared to the overall condensation (as observed for the RNPs of other viruses) is impossible to assess under the conditions used. The larger RNP species is twice as long as the small species (2 ,m) and it could represent the two subunits of the 70S diploid viral genome joined together head to tail and stabilized by proteins bound to the overlapping regions. No information is presently available on the conditions that might influence the distribution of the two species. Treatment of the RNP complex with RNase resulted in the total fragmentation of the complex. However, treatment with DNase had absolutely no effect on the structure of the complex. The experiments described in this report do not permit the assignment of specific functions for any of the proteins associated with RNP complexes. They do suggest that, whereas reverse transcriptase and viral RNA, along with the natural tRNA primer, are not enough to obtain a full-length cDNA transcript in a reconstituted system, the substitution of RNP complexes in an in vitro system not only provides the endogenous constituents but provides them in a configuration permitting full-length cDNA synthesis. It was therefore considered likely that provirus synthesis in vivo requires that the native RNP be the site of cDNA synthesis.
